Tuning Curves for Movement Direction in the Human Visuomotor System by Fabbri, Sara et al.
 
Tuning Curves for Movement Direction in the Human
Visuomotor System
 
 
(Article begins on next page)
The Harvard community has made this article openly
available.
Please share how this access benefits you. Your story
matters.
Citation Fabbri, Sara, Alfonso Caramazza, and Angelika Lingnau. 2010.
Tuning curves for movement direction in the human
visuomotor system. Journal of Neuroscience 30(40): 13488-
13498.
Published Version doi:10.1523/JNEUROSCI.2571-10.2010
Accessed February 19, 2015 9:03:00 AM EST
Citable Link http://nrs.harvard.edu/urn-3:HUL.InstRepos:5241375
Terms of Use This article was downloaded from Harvard University's DASH
repository, and is made available under the terms and
conditions applicable to Other Posted Material, as set forth at
http://nrs.harvard.edu/urn-3:HUL.InstRepos:dash.current.terms-
of-use#LAABehavioral/Systems/Cognitive
TuningCurvesforMovementDirectionintheHuman
VisuomotorSystem
SaraFabbri,1AlfonsoCaramazza,1,2andAngelikaLingnau1
1CenterforMind/BrainSciences,UniversityofTrento,38100Mattarello,Italy,and 2DepartmentofPsychology,HarvardUniversity,Cambridge,
Massachusetts02138
Neuronsinmacaqueprimarymotorcortex(M1)arebroadlytunedtoarmmovementdirection.RecentevidencesuggeststhathumanM1
contains directionally tuned neurons, but it is unclear which other areas are part of the network coding movement direction and what
characterizestheresponsesofneuronalpopulationsinthoseareas.Suchinformationwouldbehighlyrelevantfortheimplementationof
brain–computerinterfaces(BCIs)inparalyzedpatients.Weusedfunctionalmagneticresonanceimagingadaptationtoidentifywhich
areasofthehumanbrainshowdirectionalselectivityandthedegreetowhichtheseareasareaffectedbythetypeofmotoract(topressvs
to grasp). After adapting participants to one particular hand movement direction, we measured the release from adaptation during
occasionaltesttrials,parametricallyvaryingtheangulardifferencebetweenadaptationandtestdirection.Weidentifiedmultipleareas
broadlytunedtomovementdirection,includingM1,dorsalpremotorcortex,intraparietalsulcus,andtheparietalreachregion.Within
theseareas,weobservedagradientofdirectionalselectivity,withhighestdirectionalselectivityintherightparietalreachregion,forboth
right- and left-hand movements. Moreover, directional selectivity was modulated by the type of motor act to varying degrees, with the
largesteffectinM1andthesmallestmodulationintheparietalreachregion.Thesedataprovideanimportantextensionofourknowledge
aboutdirectionaltuninginthehumanbrain.Furthermore,ourresultssuggestthattheparietalreachregionmightbeanidealcandidate
fortheimplementationofBCIinparalyzedpatients.
Introduction
Cellsinmonkeyprimarymotorcortex(M1)arebroadlytunedto
movement direction (Georgopoulos et al., 1982). Arm posture
(Scott and Kalaska, 1997), wrist rotation (Kakei et al., 1999), and
changes in the starting location (Caminiti et al., 1990) modulate
directional selectivity in M1, suggesting that this area contains
neuronal populations that represent movement direction at the
level of parameters such as muscle forces and joint angles
(Todorov, 2003).
Because of the lack of invasive electrophysiological data, little
is known about directional tuning in humans. Using electrodes
implanted in human tetraplegic patients, it has been demon-
strated that activity of cells in M1 permits classification of the
direction of an intended center-out movement with high accu-
racy (Hochberg et al., 2006; Truccolo et al., 2008). These studies
indicate that human M1 contains neurons that are sensitive to
movement direction (for similar results using multivariate pat-
tern analysis, see Eisenberg et al., 2010) and thus suggest that M1
might be a good candidate region for brain–computer interfaces
(BCIs).AlthoughthestudiesbyHochbergetal.(2006)andTruc-
colo et al. (2008) demonstrate that spiking activity in M1 can
persistevenseveralyearsafterspinalcordinjury,thereisevidence
thatmotorcortexanddescendingmotortractsinpatientssuffer-
ing from complete spinal cord injury undergo degradation
(Hainsetal.,2003;Wrigleyetal.,2009).Therefore,characterizing
directionaltuninginadditionalareasthataremorecloselylinked
to the visual system might reveal information that is relevant for
the development of BCIs (Andersen and Buneo, 2002).
Here we used functional magnetic resonance imaging (fMRI)
adaptation (Grill-Spector and Malach, 2001; Krekelberg et al.,
2006) to determine which areas of the human brain are broadly
tunedtohandmovementdirection.Participantswereadaptedto
a reaching movement in one specific direction. During occa-
sionaltesttrials,wemeasuredtheamplitudeofthebloodoxygen
level-dependent (BOLD) effect as a function of the angular dif-
ference between adaptation and test direction (for a similar ap-
proach in the number domain, see Piazza et al., 2004). We
hypothesized that areas containing directionally tuned neuronal
populations (Fig. 1a) show a recovery from adaptation that is
proportional to the angular difference between adaptation and
test direction (Fig. 1b).
Becausereachingistypicallyperformedincombinationwitha
grasping movement, we furthermore aimed to explore how di-
rectionaltuningismodulatedbythetypeofgrasp.Tothisaim,we
manipulated the type of motor act (to press vs to grasp) orthog-
onally to movement direction.
We observed a gradient of directional selectivity, with highest
directional selectivity in the right dorsal premotor cortex (PMd)
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the right and left hand. Activity in these areas was clearly modu-
lated by the type of motor act, with the strongest modulation in
M1 and the weakest effect in the PRR. These results provide an
important extension of our knowledge on how the brain repre-
sents movement direction and furthermore suggest that the PRR
might be well suited for BCI application.
MaterialsandMethods
Participants
Fourteen volunteers (eight males) took part in experiment 1 (mean age,
28.07; range, 22–34 years). Eight of these participants also took part in
experiment 2. All participants, except one, were right-handed. Thirteen
right-handedvolunteers(sixmale)tookpartinexperiment2(meanage,
29.23; range, 22–35 years). Vision was normal or corrected-to-normal
usingMR-compatibleglasses.Allparticipantsexcepttwo(includingone
of the authors, A.L.) were naive to the purpose of the study.
All of the participants were neurologically intact and gave written
informed consent for their participation. The experimental procedures
were approved by the ethical committee for research involving human
subjects at the University of Trento.
Experiment 1: right-hand movements
The aim of experiment 1 was to determine which areas of the human
brain are tuned to right-hand movement direction and to which degree
directionalselectivityintheseareasisaffectedbythetypeofmotoract(to
press vs to grasp).
Experiment 2: left-hand movements
Inexperiment1,usingright-handmovements,weobservedthestrongest
directionalselectivityintherighthemisphere.Thisledtothequestionof
whether the highest directional selectivity is right lateralized or whether it is
specifictothehemisphereipsilateraltothehandusedinthemovement.We
therefore performed experiment 2 using the same procedure as in experi-
ment 1 but instructing participants to use the left instead of the right hand.
Procedure and visual stimulation
During each trial, we showed participants an arrow at the center of the
screen for 2 s, followed by an intertrial interval of 1 s (Fig. 2a). Arrows
instructed the participant about the direction of two center-out hand
motor acts (to press vs to grasp). The orientation of the arrow indicated
the direction of the movement participants had to execute using their
right(experiment1)orleft(experiment2)handonthedeviceattachedto
their chest (Fig. 2b), whereas the color indicated the type of motor act
(red, to press; blue, to grasp).
Within the same scanning run, the same
movementdirectionwasrepeatedinsequences
of one to eight adaptation trials. After each se-
quence of adaptation trials, a test trial was pre-
sented. During test trials, we parametrically
varied the angular difference between adapta-
tion and test directions, as indicated by the di-
rection of the arrow: 0° (“same”), 45°
(“small”), 90° (“medium”), and 135°
(“large”) (Fig. 2c). In separate scanning runs,
we used two different adaptation directions
(45° or 225°) (illustrated by the straight and
broken arrows in Fig. 2c).
Thedeviceconsistedofhalf-spheresofpoly-
styreneonablackplasticsurface(2020cm).
Theywereplacedateightequidistantpositions
on an invisible circle (8 cm radius) as well as at
the center of the circle.
During adaptation trials, participants were
adapted to the motor act “to press.” On half of
all test trials, participants were asked to per-
form the motor act “to press” (adapted motor
act test trials) (Fig. 3a), whereas on the other
half of all test trials, they were asked to execute
the motor act “to grasp” (non-adapted motor
act test trials) (Fig. 3b). The two motor acts
onlydifferedinthefinalpartofthemovement.Inbothcases,participants
reachedfromthestartingpositionatthecenterofthedevicetothetarget
position as indicated by the arrow on the screen. For the motor act “to
press,” they were asked to touch the center of the target with their index
fingerasiftheywerepressingabutton.Forthemotoract“tograsp,”they
wereaskedtograspthetargetwithawhole-handgrasp.Attheendofeach
trial,theyreleasedthetargetandreturnedtothecentralstartingposition.
Toensurethatthepatternofadaptationwasspecifictothemovement
direction and not attributable to the repetition of low-level perceptual
features, we varied the visual appearance of the arrow that indicated the
movementdirectionandthetypeofmotoractoneachtrial.Arrowwidth
andlengthwasvariedrandomlyfrom0.41°to1.22°instepsof0.41°.The
x- and y- center coordinates of the arrow were jittered in a range of
0.07° in steps of 0.035°.
Stimuli were backprojected onto a screen by a liquid crystal projector
at a frame rate of 60 Hz and a screen resolution of 1280  1024 pixels
(mean luminance, 109 cd/m
2). Participants viewed the stimuli binocu-
larly through a mirror above the head coil. The screen was visible as a
rectangular aperture of 17.5  14.3°.
Visual stimulation was programmed with in-house software (ASF,
available from jens.schwarzbach@unitn.it), based on the MATLAB
Psychtoolbox-3 for Windows (Brainard, 1997).
Instructions and training
Training was performed outside the scanner. Participants sat in front of
the computer that showed the visual instruction, with the device posi-
tioned on their chest similar to the setup inside the scanner. The experi-
Figure1. Prediction.a,Avoxelcontainingdirectionallytunedneurons.b,Neuronalpopu-
lationsthatcontaindirectionallytunedneuronsareassumedtoshowarecoveryfromadapta-
tionthatisproportionaltotheangulardifferencebetweenadaptationandtestdirection.
Figure2. Setup.a,Examplesequenceoftwotrials(directionofthearrow,45°).b,Participantslaidinthescannerwiththeindex
fingeronthecenterofadeviceattachedtotheirchestandexecutedareachingmovementonthedeviceinthedirectionindicated
bythearrowonthescreen.Thestraightarrowillustratesthedirectionofthemovementtobeperformedonthedevice(inthis
example,45°;arrowonthedevicenotshownduringtheexperiment).Inexperiment1,participantsusedtheirrighthand,andin
experiment2,participantsusedtheirlefthand.c,Ontheschematicdevice,thefullsetoftestdirectionsisshownforadaptation
direction45°,indicatedbythestraightarrow.Oneachtargethalf-sphere,theangulardifferencebetweenadaptationandtest
directionandthecorrespondinglabelareindicated.Thebrokenarrowindicatesadaptationdirection225°,usedinseparateblocks.
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everymotoractwithinaconstanttimewindowof
2scorrespondingtothepresentationtimeofthe
arrow rather than trying to move as fast as possi-
ble and thus risking head movements. Partici-
pants were asked to move their hand back to the
centerpositionbeforethearrowdisappearedand
to start each trial from the center position.
Training consisted of several stages. At the
beginning,theexperimenterinformedthepar-
ticipants that neither hand nor the device was
visible to them inside the scanner. Therefore,
they were allowed to get familiar with the spa-
tialdimensionsofthedeviceandtopracticethe
movementswhilelookingdirectlyattheirhand
and their device. Once they felt comfortable
performing the task, they were asked to per-
form the movements without looking at the
handsorthedevice.Trainingwasfinishedonceparticipantswereableto
perform the task correctly without visual feedback.
fMRI adaptation design
Both experiments 1 and 2 consisted of 12 event-related fMRI adaptation
runs. Each run consisted of 88 trials (72 adaptation trials plus 16 test
trials) and lasted 5.4 min.
In each run, each combination of angular difference between adapta-
tion and test trial (45°, 90°, 135°) and type of motor act test trial
(adapted, non-adapted) was repeated once. Because we intended to col-
lapseacrosstestdirectionstotheleft()andright()oftheadaptation
direction in the analysis, we had two repetitions for angular differences
45°, 90°, and 135°. To have the same number of repetition for each test
direction, test trials that contained no change in movement direction
(angular difference 0°, same) were repeated twice per run for both types
of motor act. Thus, there were 16 test trials in total per run.
There were one to eight adaptation trials between two successive test
trials, resulting in eight different adaptation intervals. Each interval was
repeated twice, resulting in 72 adaptation trials per run. The number of
adaptation trials between two successive test trials was randomly as-
signed to each condition.
To minimize fatigue of muscles related to the task, breaks of 20 s were
inserted after half a block (i.e., after 2.2 min). Trials in both the first and
thesecondhalfofeachrunconsistedofeighttesttrialseachfollowingone
oftherandomlydistributedeightadaptationintervalsgivingatotalof44
trials (36 adaptation trials plus eight test trials).
Data acquisition
WeacquiredfMRIdatausinga4TBrukerMedSpecBiospinMRscanner
and an eight-channel birdcage head coil. Functional images were ac-
quiredwithaT2*-weightedgradient-recalledecho-planarimaging(EPI)
sequence. Before each functional scan, we performed an additional scan
to measure the point-spread function (PSF) of the acquired sequence,
which serves for correction of the distortion expected with high-field
imaging (Zaitsev et al., 2004). We used 34 slices, acquired in ascending
interleaved order, slightly tilted to run parallel to the calcarine sulcus
[time to repeat (TR), 2000 ms; voxel resolution, 3  3  3 mm; echo
time,33ms;flipangle(FA),73°;fieldofview(FOV),192192mm;gap
size,0.45mm].Eachparticipantcompleted12scansof162volumeseach.
To be able to coregister the low-resolution functional images to a high-
resolution anatomical scan, we acquired a T1-weighted anatomical scan
(magnetization-prepared rapid-acquisition gradient echo; voxel resolu-
tion, 1  1  1 mm; FOV, 256  224 mm; generalized autocalibrating
partially parallel acquisitions with an acceleration factor of 2; TR, 2700
ms; inversion time, 1020 ms; FA, 7°).
Data analysis
Data analysis was performed using BrainVoyager QX 2.1 (Brain Innova-
tion) and custom software written in MATLAB (MathWorks). In exper-
iment1,participant13wasexcludedfromtheanalysisbecauseofseveral
abrupt head movements, as was evident from the first derivative of the
three-dimensional (3D) motion correction parameters.
Preprocessing, segmentation, and flattening. To correct for distortions
in geometry and intensity in the echo-planar images, we applied distor-
tioncorrectiononthebasisofthePSFdataacquiredbeforeeachEPIscan
(Zeng and Constable, 2002). Before additional analysis, we removed the
firstfourvolumestoavoidT1saturation.Next,weperformed3Dmotion
correctionwithtrilinearinterpolationusingthefirstvolumeasreference,
followed by slice timing correction with ascending interleaved order.
Functional data were temporally high-pass filtered using a cutoff fre-
quency of three cycles per run. We applied spatial smoothing with a
Gaussian kernel of 8 mm full-width at half-maximum. Next, we aligned
the first volume of each run to the high-resolution anatomy. Both func-
tional and anatomical data were transformed into Talairach space using
trilinear interpolation.
Definitionofregionsofinterest.Weranarandomeffects(RFX)general
linear model (GLM) analysis, including the factors adaptation direction
(45°,225°),angulardifferencebetweenadaptationandtestdirection(0°,
45°, 90°, 135°), and type of motor act (adapted, non-adapted).
Each predictor time course was convolved with a dual-gamma hemody-
namic impulse response function (Friston et al., 1998). The resulting
reference time courses were used to fit the signal time course of each
voxel.Wealsoincludedthefirstandsecondderivativesofeachpredictor
timecoursetobeabletomodelshiftanddispersionofthehemodynamic
impulse response function, respectively. Furthermore, parameters from
3D motion correction were included in the model as predictors of no
interest.Toavoidselectionofregionsofinterest(ROIs)biasedinfavorof
our hypothesis on movement selectivity (Kriegeskorte et al., 2009), we
functionallyselectedourROIsbycomputingthefollowingcontrasts:(1)
adaptationtrialsversusbaseline,toidentifymotorareasactiveduringthe
adaptation trials, and (2) test trials “same direction, adapted” versus all
remaining test trials, to identify areas sensitive to a change in movement
direction or the type of motor act. Statistical maps were Bonferroni’s
corrected ( p  0.05) for multiple comparisons.
Statistical analysis. To quantify the effect of the angular difference
between adaptation and test directions as well as the effect of type of
motoract,weextractedz-transformedestimatesoftheBOLDresponse
for each of the seven angular differences between adaptation and test
direction, separately for the two adaptation directions and the type of
motoract.Next,wecomputeda2(adaptationdirections45°and225°)
7 (angular difference between adaptation and test direction: 0°, 45°,
90°, 135°)  2 (type of motor act: adapted, non-adapted) repeated-
measures ANOVA on the extracted  values. Degrees of freedom were
adjusted by the Greenhouse–Geisser procedure when Mauchly’s tests
indicatedviolationofsphericity,withcorrectedpvaluesdenotedaspGG.
We corrected the critical p value for the number of ROIs ( p  0.005 in
experiment 1, p  0.007 in experiment 2).
Results
Experiment1:right-hand movements
Areas involved during hand reaching movements
Our first aim was to identify regions of interest that were (1)
active during adaptation trials (“motor areas”), resulting from
Figure3. Design.a,Adaptedmotoracttesttrialsdifferedfromadaptationtrialswithrespecttomovementdirectiononly.b,
Non-adaptedmotoracttesttrialsdifferedfromadaptationtrialswithrespecttomovementdirectionandthetypeofmotoract.
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(2)areasthatweresensitivetoachangeinmovementdirectionor
thetypeofmotoract(“changeareas”),asrevealedbythecontrast
between test trials that differed from adaptation trials and test
trials that were identical to adaptation trials.
Figure 4 shows that motor areas (yellow) consist of the left
primary motor area and the right cerebellum (not shown in Fig.
4).Notethatthereappeartobetwoadditionalyellowareasinthe
vicinityofPMdandmedialintraparietalsulcus(mIPS),butthese
areactuallypartofonelargerregion,includingM1.Changeareas
(green) include the medial aspect of the left and right posterior
parietal cortex [parietal reach region (Connolly et al., 2003)],
mIPSandanteriorintraparietalsulcus(aIPS),anddorsalpremo-
tor cortex.
AnoverviewoftheTalairachcoordinatesoftheseareascanbe
found in Table 1.
The modulation of the BOLD response by the angular difference
between adaptation and test direction
Next we investigated how the BOLD signal is modulated by the
angular difference between adaptation and test direction. Specif-
ically, we asked whether the BOLD response follows the pattern
depicted in Figure 1b: if the examined region contains popula-
tions of neurons that are tuned to hand movement direction, we
expectedtoseethelowestBOLDsignalfortestdirectionsthatare
identical with the adaptation direction and an increasing BOLD
signal with increasing angles between adaptation and test direc-
tion. To this end, we extracted  estimates for z-transformed
voxeltimecoursesfromtheregionsofinterestshowninFigure4.
Figure 5 shows the  estimates as a function of the angular
difference between adaptation and test direction, separately for
the two adaptation directions (45° and 225°, indicated by down-
ward and upward triangles, respectively) and for adapted (red)
and non-adapted (blue) motor act test trials. As can be seen, the
BOLD response in the left primary motor cortex for adapted
motor act test trials (red) follows the pattern expected for areas
that contain directionally tuned neuronal populations: the red
curve is lowest for the test direction that is identical with the
adaptation direction and increases with the angular difference
betweenadaptationandtestdirection,toboththeleftandrightof
the adaptation direction.
Visualinspectionofthedataintheremainingareassuggeststhat
theBOLDresponseismodulatedbytheangulardifferencebetween
adaptation and test direction also in the remaining regions of inter-
est, indicating directional tuning beyond primary motor cortex.
Our observations are supported by the corresponding sta-
tistics. Across regions, the BOLD response was affected by the
angular difference between adaptation and test direction
(F(6,72)  27.086, p  0.0001). However, the strength of direc-
tional selectivity differed between regions, as indicated by the
interactionbetweentestdirectionandROI(F(54,648)5.299,p
0.0001). This observation is further explored below (see Varia-
tion of the strength of directional tuning across areas).
The BOLD amplitude did not differ between the two adapta-
tion directions, as indicated by the absence of a main effect of
adaptation direction (F(1,12)  0.606, p  0.452). We therefore
collapseddataacrossthetwoadaptationdirectionsinthefollow-
ing analyses. It should be noted, however, that there was an in-
teractionbetweenthetypeofmotoractandadaptationdirection
(F(1,12)  4.790, p  0.049), indicating that the BOLD signal for
the two types of motor acts was different for the two adaptation
directions. The three-way interaction between adaptation direc-
tion, test direction, and ROI (F(54,648)  2.056, p  0.0001) sug-
gests that the two adaptation directions were differently
modulated by test direction across regions.
Separate ANOVAs computed for each ROI revealed that the
effect of test direction as well as the quadratic trend was signifi-
cant in each single ROI (for details, see Table 2).
Variation of the strength of directional tuning across areas
Figure 5 suggests that the increase of the BOLD signal as a func-
tion of the angular difference between adaptation and test direc-
tionbecomessteeperfromleftM1,andrightcerebellum,through
bilateral aIPS and mIPS, to bilateral PMd, and bilateral PRR. In
line with this view, our previous analyses revealed a significant
interaction between the effect of test direction and ROI.
To further explore this effect, we transformed the  weights
extracted from each ROI by subtracting each  weight from 1.
The purpose of this transformation was to use a visualization that is
similar to the tuning functions known in monkey physiology.
Furthermore, we shifted the baseline of the resulting curves to
zero, separately for the two adaptation directions and the type
of motor acts. Next, we fitted a Gaussian function of the form
fx  Ae

x  2
22 to the resulting values (Fig. 6), where x is the
angulardifferencebetweenadaptationandtestdirection,Aisthe
amplitude,isthemean,andisthehalf-widthoftheestimated
tuningcurve.Becauseindividualdatainsomeoftheregionswere
too noisy for Gaussian fitting, we collapsed data across partici-
pants for this analysis, so this analysis serves mainly a visualiza-
tion function.
Figure4. Statisticalmapofexperiment1.Motorareasandchangeareasareshowninyellow
andgreen,respectively(fordetails,seeResults).Functionaldata(Bonferroni’scorrected,p
0.05)aresuperimposedonthesegmentedandinflatedleftandrighthemispheresofoneofthe
participants.MotorareasincludeleftM1andrightcerebellum(notshowninthefigure).Changeareas
includeleftandrightPRR,leftandrightaIPS,leftandrightmIPS,andleftandrightPMd.Whitedotted
linesmarkthecentralsulcus(CS)andtheintraparietalsulcus(IPS).corr.,Corrected.
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act test trials (red) become sharper from left M1 and right cere-
bellum, over bilateral aIPS and mIPS, to bilateral PMd and PRR,
suggesting that the strength of directional tuning increases from
M1 to PRR. Tuning curves for non-adapted motor act test trials
(blue) are flatter in all regions but still show some directional
tuning in most of the regions in the right hemisphere (aIPS,
mIPS, PMd, and PRR) left PMd, and PRR. In contrast, tuning
curves for non-adapted motor act test trials are essentially flat in
the remaining regions of the left hemisphere (M1, aIPS, and
mIPS),indicatingthatintheseregionsdirectionaltuningisweak
for the non-adapted motor act.
Toquantifythevariationofdirectionalselectivityacrossareas,
wecollapsedoverbothadaptationdirections(45°,225°)aswellas
over left (45°, 90°, 135°) and right (45°, 90°, 135°)
test directions, separately for each area and each participant.
Next, we estimated the slope of the BOLD amplitude, as quanti-
fied by the z-transformed  weights extracted from each single
ROI, as a function of the angular difference between adaptation
and test direction. We reasoned that, just as the width of the
tuning function in electrophysiology relates to the strength of
selectivity, the slope of the BOLD amplitude should relate to the
strength of directional selectivity in our adaptation design. We
restricted the slope estimation to angular differences of 0°, 45°,
and 90° because the 135° condition led to a lower BOLD ampli-
tudethanthe90°conditioninmostareas(Fig.5).Figure7shows
that directional selectivity for the adapted motor act (white bars)
clearlydiffersbetweenROIs:theslopeincreasesfromleftM1and
right cerebellum, to bilateral aIPS and mIPS, and reaches the
highest values in bilateral PMd and PRR.
These observations were confirmed by a two-factorial
repeated-measures ANOVA on the slope of the BOLD response,
with ROI (10 levels) and type of motor act (2 levels) as factors.
The strength of directional selectivity differed significantly be-
tween regions, as indicated by the main effect of ROI (F(9,108) 
18.517, pGG  0.0001). A significant linear trend (F(1,12) 
34.461, p  0.0001) supported the observation of a gradient of
directional selectivity from left M1 and right cerebellum
throughout anterior and medial intraparietal cortex to PMd and
PRR. The strength of directional selectivity differed between
adaptedandnon-adaptedmotoracttesttrials,asindicatedbythe
maineffectofmotoract(F(1,12)22.949,p0.0001).Moreover,
the modulation of directional selectivity by the type of motor act
differed between ROIs (interaction of type of motor act  ROI:
F(9,108)  5.750, pGG  0.001).
Modulation of the BOLD response by the type of motor act
Next we asked how directional selectivity is modulated by a
change in the type of motor act. To this aim, we compared the
extracted  values for adapted and non-adapted motor act test
Table1.Talairachcoordinates(meanSDx,y,zcenterofmass)
Experiment1 Experiment2
ROIs xyzxyz
M1LH 306.2 236.2 527.8
M1RH 314.0 243.3 536.3
cerLH 53.1 524.0 191.9
cerRH 138.2 475.9 223.6
aIPSLH 544.4 243.3 224.9 545.6 284.4 365.8
aIPSRH 474.5 273.1 363.8 445.8 313.0 404.4
mIPSLH 397.3 356.6 437.6
mIPSRH 273.8 452.8 464.9
PMdLH 214.2 93.6 565.0 234.8 132.5 584.0
PMdRH 203.6 112.7 543.5 233.0 141.6 573.9
PRRLH 193.8 613.5 513.7
PRRRH 112.1 642.1 473.0 132.1 673.4 472.6
cer,Cerebellum;LH,lefthemisphere;RH,righthemisphere.
Figure5. BOLDresponse(reportedasz-transformedweights)ineachROIinexperiment1.ThepatternoftheBOLDresponseinadapted(redcurve)andnon-adapted(bluecurve)motoract
testtrialsisplottedasafunctionofthetestdirection,separatelyforadaptationdirection45°(downwardtriangles)and225°(upwardtriangles).Adaptationdirections45°and225°areindicatedbyverticaldotted
lines.Dataareaveragedacrossindividuallyextractedz-transformedvaluesfromn13participants.ErrorbarsindicateSEM.LabelsarethesameasinTable1.Deg.,Degrees.
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motor act. This effect, however, is not simply additive: whereas
the red curves (Figs. 5, 6) and the white bars (Fig. 7), depicting
adapted motor act test trials, reveal clear directional selectivity in all
areas,thebluecurves(Figs.5,6)andtheblackbars(Fig.7),showing
non-adaptedmotoracttesttrials,showamuchweaker(ifany)mod-
ulation by test direction. This interaction between the effect of test
direction and the type of motor act differs between areas: in left M1
andtherightcerebellum,thebluecurveisessentiallyflat,indicating
that there is no sensitivity to test direction for the non-adapted type
of motor act. In contrast, right PMd and PRR show a substantial
modulationbymovementdirectionalsoforthenon-adaptedtypeof
motor act, suggesting that these areas contain neurons that are sen-
sitive to both types of motor acts.
Table2.ResultsofANOVAsonz-transformedvalues
Adaptationdirection Typeofmotoract Testdirection Quadratictrend
Experiment1 Experiment2 Experiment1 Experiment2 Experiment1 Experiment2 Experiment1 Experiment2
ROIs F(1,12) pF pF (1,12) pF pF (6,72) pF pF (1,12) pF p
M1LH 0.712 0.415 33.687 0.0001 15.431 0.0001 56.360 0.0001
M1RH 10.327 0.007 126.069 0.0001 6.819 0.0001 13.786 0.003
cerLH 15.216 0.002 108.976 0.0001 8.079 0.0001 28.885 0.0001
cerRH 1.373 0.264 50.921 0.0001 12.540 0.0001 25.997 0.0001
aIPSLH 0.868 0.370 0.653 0.435 53.213 0.0001 126.884 0.0001 8.896 0.0001 9.698 0.0001 17.915 0.001 15.136 0.002
aIPSRH 1.956 0.187 2.611 0.132 29.005 0.0001 61.611 0.0001 20.474 0.0001 19.511 0.0001 46.118 0.0001 35.859 0.0001
mIPSLH 0.004 0.950 45.887 0.0001 16.596 0.0001 51.293 0.0001
mIPSRH 2.546 0.137 35.419 0.0001 19.451 0.0001 29.118 0.0001
PMdLH 0.372 0.553 2.126 0.170 10.535 0.007 47.372 0.0001 22.907 0.0001 21.069 0.0001 46.757 0.0001 69.324 0.0001
PMdRH 0.652 0.435 5.914 0.032 15.178 0.002 30.761 0.0001 26.986 0.0001 21.664 0.0001 26.570 0.0001 47.209 0.0001
PRRLH 0.001 0.977 14.128 0.003 28.701 0.0001 57.590 0.0001
PRRRH 0.802 0.388 1.001 0.337 7.697 0.017 9.085 0.011 28.299 0.0001 20.942 0.0001 34.849 0.0001 99.048 0.0001
Adaptationdirection
typeofmotoract
Adaptationdirection
testdirection
Typeofmotoract
testdirection
Adaptationdirectiontypeof
motoracttestdirection
Experiment1 Experiment2 Experiment1 Experiment2 Experiment1 Experiment2 Experiment1 Experiment2
F(1,12) pFpF (6,72) pFpF (6,72) pF pF (6,72) pFp
M1LH 1.694 0.218 2.465 0.073 4.536 0.001 0.794 0.578
M1RH 0.074 0.790 1.189 0.322 1.790 0.113 0.619 0.715
cerLH 0.187 0.673 4.595 0.001 1.602 0.159 2.059 0.069
cerRH 17.016 0.001 0.941 0.471 3.291 0.006 0.605 0.725
aIPSLH 3.058 0.106 1.823 0.202 0.544 0.773 0.901 0.499 3.207 0.008 8.003 0.0001 0.555 0.765 1.210 0.311
aIPSRH 0.379 0.550 2.406 0.147 0.648 0.691 1.680 0.138 4.208 0.001 5.921 0.0001 1.420 0.219 1.043 0.405
mIPSLH 1.697 0.217 0.247 0.959 7.728 0.0001 1.531 0.180
mIPSRH 3.512 0.085 0.374 0.893 3.075 0.010 0.722 0.633
PMdLH 3.633 0.081 1.071 0.321 0.506 0.802 1.481 0.197 6.620 0.0001 4.984 0.0001 1.251 0.291 1.416 0.220
PMdRH 4.158 0.064 0.949 0.349 0.815 0.562 0.882 0.513 4.306 0.001 4.191 0.001 0.739 0.620 0.970 0.452
PRRLH 3.606 0.082 0.493 0.812 8.601 0.0001 0.875 0.518
PRRRH 1.305 0.276 0.322 0.581 1.706 0.132 4.314 0.491 4.551 0.001 4.314 0.001 0.507 0.801 1.973 0.081
CriticalpvalueswerecorrectedwithrespecttothenumberofROIs( pcorrectedexperiment1:0.05/100.005;pcorrectedexperiment2:0.05/70.007).SamelabelsasinTable1.
Figure6. GaussianfunctionfittedtoweightsextractedfromROIsinexperiment1.AGaussianfunctionhasbeenfittedtothedatashowninFigure5aftercollapsingoverthetwoadaptation
directions,transformingtheresultingvalues(1x)andshiftingthebaselinetozero.LabelsarethesameasinTable1.
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selectivity differed between the adapted and the non-adapted
motor act, as revealed by the interaction between test direction
and type of motor act (F(6,72)  6.177, p  0.0001). This modu-
lation differed between ROIs, as suggested by the interaction of
test direction  type of motor act  ROI (F(54,648)  1.647, p 
0.003). Moreover, across regions, there was a significant main
effect of the type of motor act (F(1,12)  32.549, p  0.0001), and
this sensitivity differed between ROIs (type of motor act  ROI:
F(9,108)  14.693, p  0.0001). To further explore these interac-
tions, we examined the effect of the type of motor act and the
interaction between angular difference between adaptation and
test direction and type of motor act separately in each ROI (for
details,seeTable2).Thisanalysissupportedtheobservationthat
directional selectivity in all areas differs between adapted and
non-adapted motor acts, as indicated by the interaction between
test direction and type of motor act.
The effect of hemisphere on directional tuning
Figures 6 and 7 suggest that directional tuning measured for the
non-adapted motor act test trials (Figs. 6, blue curves; 7, black
bars) is stronger in the right compared with the left hemisphere.
To further examine this effect, we computed an additional
ANOVA on the slope of the BOLD response with the factors
hemisphere (2 levels), ROI (4 levels), and type of motor act (2
levels) in those ROIs defined in both hemispheres (i.e., aIPS,
mIPS,PMd,andPRR)(foranoverviewoftheresults,seesupple-
mental Table 1, available at www.jneurosci.org as supplemental
material). In support of our observations, directional selectivity
as measured by the slope of the BOLD response differed between
the two hemispheres (main effect of hemisphere: F(1,12)  9.458,
p0.01)andbetweenROIs(maineffectofROI:F(3,36)19.307,
pGG  0.0001). The effect of hemisphere on the slope of the
BOLD response was modulated by the type of motor act (inter-
action of hemisphere  type of motor act: F(1,12)  9.173, p 
0.01). Furthermore, the interaction between type of motor act
and hemisphere differed between areas (interaction of type of
motor act  hemisphere  ROI: F(3,36)  5.240, p  0.004).
Paired t tests revealed that the strength of directional tuning for
non-adapted motor act test trials was higher in the right than in
the left hemisphere in aIPS (t(11)  2.597, p  0.023), mIPS
(t(11)  4.142, p  0.001), PMd (t(11)  2.483, p  0.029),
and PRR (t(11)  3.204, p  0.008).
Experiment2:left-hand movements
Areas involved during hand reaching movements
First we identified (1) regions of interest that were active during
adaptationtrials(motorareas)and(2)areasthatweresensitiveto
achangeinmovementdirectionorthetypeofmotoract(change
areas).Figure8showstheresultsoftheRFXGLMcontrastscom-
puted to identify these two types of areas.
Similar to the results obtained in experiment 1, we identified
multiple regions sensitive to hand movement direction. Motor
areas (yellow) were right M1 and left cerebellum (not shown in
Fig. 8). Change areas (green) were bilateral PMd and aIPS, and
right PRR. An overview of the Talairach coordinates of these
areascanbefoundinTable1.Incontrasttoexperiment1,wedid
not identify bilateral mIPS and left PRR in experiment 2, proba-
bly because of an overall weaker activation during the execution
of movements with the nondominant hand (Fig. 8) compared
with movements performed with the dominant hand (Fig. 4)
(Dassonville et al., 1997).
The modulation of the BOLD response by the angular difference
between adaptation and test direction
Next, we examined how the BOLD signal is modulated by the
angular difference between adaptation and test direction. Figure
9 shows the  estimates in each ROI, separately for the two types
of motor act test trials and for the two adaptation directions.
Figure 7. Strength of directional selectivity in ROIs in experiment 1. The slope of the 
estimatesismeasuredfortestdirections0°,45°,and90°,collapsedoverbothadaptationdirec-
tions and left (45°, 90°) and right (45°, 90°) test directions. White and black bars
indicateadaptedandnon-adaptedmotoracttesttrials,respectively.ErrorbarsindicateSEM.
LabelsarethesameasinTable1.
Figure 8. Statistical map of experiment 2. Statistical maps (Bonferroni’s corrected, p 
0.05)aresuperimposedonthesegmentedandinflatedleftandrighthemispheresofoneofthe
participants(samecolorcodeasinFig.4).MotorareasincluderightM1andleftcerebellum(not
showninthefigure).ChangeareasincluderightPRRRH,leftandrightaIPS,andleftandright
PMd.CS,Centralsulcus;IPS,intraparietalsulcus;corr.,corrected.
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tivity during adapted motor act test trials (red curves). Direc-
tional selectivity is modest only in left M1 and the right
cerebellumandbecomesmorepronouncedinleftandrightaIPS,
PMd, and right PRR.
Allregionsshoweddirectionalselectivity
(main effect of test direction: F(6,72) 
16.068,  0.0001), and the strength of this
effect differed between regions (test direc-
tionROI:F(36,432)10.565,p0.0001).
As in experiment 1, we computed sep-
arate repeated-measures ANOVAs for
each ROI (Table 2). Similar to the results
in experiment 1, both our motor and
change areas showed directional selectiv-
ity, as indicated by a main effect of test
direction in each single area.
The two adaptation directions showed
the same general pattern, as indicated
bytheabsenceofamaineffectofadaptation
direction (F(1,12)  4.415, p  0.057).
However, this pattern differed between
regions, as revealed by the interaction be-
tween ROI and adaptation direction
(F(6,72)2.485,p0.031).Moreover,the
effectofadaptationdirectionondirectional
selectivity differed between regions, as indi-
cated by the three-way interaction between
adaptation direction, test direction, and
ROI (F(36,432) 1.893, p0.002).
Variation of the strength of directional
tuning across areas
To compare the strength of directional
tuning between areas, we investigated the
width of the tuning functions and the
slope of the increase of the BOLD re-
sponse with increasing angular difference
between adaptation and test direction in
each ROI, similar to the procedures de-
scribed in Results for experiment 1.
Figure 10 shows the inverted and
baseline-corrected  values from each
ROI, fitted by a Gaussian function. Similar to experiment 1, we
can notice that directional tuning curves measured during adapted
motor act test trials (red) become sharper from right M1 and left
cerebellum, over bilateral aIPS, to bilateral PMd and right PRR. Di-
rectionaltuningcurvesmeasuredduringnon-adaptedmotoracttest
trialsareessentiallyflatinrightM1aswellastheleftcerebellumand
aIPS, whereas they tend to become more narrow from right aIPS
over left and right PMd to right PRR.
Next, we quantified the strength of directional tuning by ex-
aminingtheslopeoftheBOLDamplitudeasafunctionoftypeof
motoractandROI.AscanbeseeninFigure11,directionalselec-
tivity measured during adapted motor act test trials (white bars)
differed between ROIs, with low directional selectivity in left M1
and right cerebellum, intermediate directional selectivity in left
and right aIPS and PMd, and highest directional selectivity in
rightPRR.Duringnon-adaptedmotoracttesttrials(blackbars),
directionalselectivitywassubstantiallyweakerbutshowedasim-
ilar trend as during adapted motor act test trials.
These observations are supported by the corresponding two-
factorial (ROI  type of motor act) repeated-measures ANOVA
on the slope of the BOLD response. Directional selectivity dif-
fered between ROIs (F(6,72)  43.507, p  0.0001). A significant
linear trend (F(1,12)  167.667, p  0.0001) supported the obser-
vation of a gradient of directional selectivity from right M1 and
left cerebellum throughout anterior intraparietal cortex to PMd
Figure9. BOLDresponse(reportedasz-transformedweights)ineachROIinexperiment2.ThepatternoftheBOLDresponse
inadapted(red)andnon-adapted(blue)motoracttesttrialsisplottedasafunctionofthetestdirection.Adaptationdirections45°
and225°areindicatedbyverticaldottedlines.Dataareaveragedacrossindividuallyextractedz-transformedvaluesfromn
13participants.ErrorbarsindicateSEM.LabelsarethesameasinTable1.Deg.,Degrees.
Figure10. GaussianfunctionfittedtoweightsextractedfromROIsinexperiment2.AGaussianfunctionhasbeenfittedtothe
datashowninFigure9aftercollapsingoverthetwoadaptationdirections,invertingtheresultingvaluesandshiftingthebaseline
tozero.LabelsarethesameasinTable1.
Figure11. StrengthofdirectionalselectivityinROIsinexperiment2.Theslopeoftheestimates
ismeasuredfortestdirections0°,45°,and90°(collapsedoverbothadaptationdirectionsandleftand
righttestdirections).LabelsarethesameasinTable1.
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fornon-adaptedcomparedwithadaptedmotoracts,asindicated
by the main effect of the type of motor act (F(1,12)  20.592, p 
0.001). Furthermore, the modulation of the slope of the BOLD
effectbythetypeofmotoractdifferedbetweenROIs(interaction
of ROI  type of motor act: F(6,72)  2.958, p  0.012).
Modulation of the BOLD response by the type of motor act
Next,weexploredhowtheBOLDresponseisaffectedbythetype
ofmotoract.AscanbeseeninFigures9–11,directionalselectiv-
ity in all examined regions was modulated by the type of motor
act, as indicated by the difference between the red and the blue
curves (Figs. 9, 10) and the white and black bars (Fig. 11). Across
regions, directional selectivity was stronger for adapted com-
pared with non-adapted motor act test trials. This interaction
differed between areas. The blue curve in Figure 9, depicting the
BOLD response during non-adapted motor act test trials, shows
almost no modulation by test direction in left aIPS. In right aIPS
as well as left and right PMd, the modulation of the BOLD re-
sponse by test direction during non-adapted motor act test trials
is modest, whereas the modulation in right PRR is clearly pro-
nounced.Interestingly,thebluecurvesinM1andthecerebellum
showanincreasedBOLDresponseduringtesttrialsthatareiden-
tical to the adaptation direction, an observation for which we
have no explanation.
In support of these observations, movement direction selec-
tivity was affected by the type of motor act (test direction  type
of motor act: F(6,72)  5.507, p  0.0001), and this modulation
differedbetweenROIs(testdirectiontypeofmotoractROI:
F(36,432)1.476,p0.041).Moreover,allregionsalsoshoweda
sensitivity for the type of motor act (F(1,12)  130.811, p 
0.0001),andthiseffectdifferedbetweenROIs(motoractROI:
F(6,72)  19.881, p  0.0001).
SeparateANOVAsineachsingleROI(fordetails,seeTable2)
revealed that the interaction between test direction and type of
motoractwassignificantinallregions,exceptinrightM1andleft
cerebellum.
The effect of hemisphere on directional tuning
To evaluate whether the effect of the type of motor act on direc-
tional selectivity differs between the two hemispheres, we com-
puted an additional repeated-measures ANOVA on the slope of
the BOLD response in those regions identified in both hemi-
spheres using the factors hemisphere (left, right), ROI (aIPS,
PMd),andtypeofmotoract(adapted,non-adapted)(forasum-
mary of the results, see supplemental Table 1, available at www.
jneurosci.org as supplemental material).
Thestrengthofdirectionalselectivityasmeasuredbytheslope
of the BOLD response differed between the two hemispheres
(F(1,12)  12.797, p  0.004) and between ROIs (F(1,12)  5.810,
p  0.033). The interaction between type of motor act  ROI 
hemisphere is marginally significant (F(1,12)  4.177, p  0.064),
indicating that the right hemisphere tends to show stronger direc-
tionalselectivitythanthelefthemispherefornon-adaptedmotoract
testtrials.Pairwisecomparisonsrevealedthatthisisthecaseonlyfor
aIPS (t(12)  3.331, p0.006). In contrast to experiment 1, PMd
didnotshowanhemisphericdifference(t(12)1.670,p0.121).
GiventhattheinteractionbetweentypeofmotoractROI
hemisphere is only marginally significant ( p  0.064), one
should not draw too firm conclusions from experiment 2 alone.
However,experiment1showedthesameinteraction( p0.004)
with a different subset of participants, suggesting that there may
be stronger directional selectivity measured during non-adapted
motor act test trials in the right compared with the left hemi-
sphereformovementsperformedwithboththerightandtheleft
hand.
Discussion
Tuningforhandmovementdirectioninthehuman brain
Macaque primary motor cortex contains neurons that are tuned
to movement direction. Similar properties have been reported to
exist in the human primary motor cortex using invasive single-cell
recordings in paralyzed patients (Hochberg et al., 2006; Truccolo et
al., 2008) as well as multivariate pattern analysis (Eisenberg et al.,
2010). However, little is known about directional tuning in the
human brain beyond these areas. Such information would be
highly relevant for the development of brain–computer inter-
facesbecauseitisunclearwhichareainthebrainisbestsuitedfor
these applications.
Here we asked which areas of the human brain are tuned to
hand movement direction and what characterizes their re-
sponses. In two experiments, we adapted participants to hand
movementdirectionsperformedwiththeright(experiment1)or
the left (experiment 2) hand and measured the release from ad-
aptation as a function of the angular difference between adapta-
tionandtestdirection.Weobservedthatneuronalpopulationsin
M1, the cerebellum, PMd, aIPS, mIPS, and PRR are tuned to
handmovementdirection.Thesefindingsareinlinewithreports
ondirectionaltuninginmonkeyM1(Georgopoulosetal.,1982),
cerebellum (Fortier et al., 1989), dorsal (Caminiti et al., 1991)
and ventral premotor (Kakei et al., 2001) cortex, and areas 2 and
5 of the parietal cortex (Kalaska et al., 1983).
Directionaltuninginallidentifiedareaswasmodulatedbythe
type of motor act, with strongest sensitivity to the type of motor
act in M1 and lowest sensitivity in the PRR. Furthermore, we
observed a gradient of directional selectivity, with lowest direc-
tional selectivity in M1 and the cerebellum and highest direc-
tionalselectivityintherightPRR,regardlessofwhethertheleftor
right hand was used. Finally, we observed that directional tuning
for the non-adapted motor act tended to be stronger in the right
compared with the left hemisphere for both left and right-hand
movements. Together, these results suggest that the strongest
directional selectivity and the highest level of abstractness can be
foundintherightparietalreachregion(Gourtzelidisetal.,2005).
In this context, an “abstract” level may be defined as a level of
processingbeforeinformationabouttheeffectorisspecified,e.g.,
in the form of a motor program. We assume that the lowest level
ofabstractnesscanbefoundinareassuchasM1,inwhichactions
are likely to be coded at the level of parameters such as muscle
activation and joint angles.
ModulationoftheBOLDresponsebythetypeofmotor act
Directional selectivity was high for adapted motor act test trials
and weak for the non-adapted motor act test trials in M1, the
cerebellum, and aIPS, suggesting that these regions contain sep-
arate populations of directionally selective neurons specific for
thetypeofmotoract(Fig.12a).Incontrast,directionalselectivity
was high for both types of motor acts in PMd and in right PRR,
suggestingthatintheseareasneuronsaresensitiveforbothtypes
of motor acts and that adaptation for one motor act leads to
adaptation for the other motor act (Fig. 12b).
Which aspects of an action are coded in those areas that show
a strong modulation by the type of motor act? The motor acts
“press” and “grasp” share common reaching components but
differ in the way in which the hand interacts with the object. For
the motor act “press,” participants have to stretch out the index
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tion of the index finger. This requires a precise coordination of
theindexfingertowardaspecificspatiallocation.Incontrast,for
the motor act “grasp,” participants have to rotate and shape the
entire hand according to the outer shape of the target, giving rise
to tactile stimulation of all fingers.
Anyofthesebehavioralaspectsarelikelytobeinvolvedinthe
modulationofdirectionaltuningbythetypeofmotoract.Inline
with this view, neurons in monkey aIPS are involved in tactile
exploration of an object (Grefkes et al., 2002). Likewise, neurons
inmonkeyaIPSandM1aresensitivetotheshapeofthehandgrip
(Murata et al., 2000; Graziano, 2006), and neurons within the
intermediate cerebellum have been reported to be more active
during grasping compared with reaching (Gibson et al., 1994).
Hemisphericasymmetriesindirectional tuning
OurresultsrevealedstrongestdirectionaltuningintherightPRR,
formovementsofboththeleftandtherighthand,suggestingthat
this region represents movement direction regardless of the side
of the effector. In support of this view, Chang et al. (2008) re-
ported a continuum of limb-dependent and limb-independent
neurons in monkey PRR.
In both experiments, directional selectivity tended to be
strongerintherightcomparedwithleftaIPSforthenon-adapted
motoract,formovementsofboththeleftandtherighthand.This
observation is compatible with the view that the left and right
aIPS might code different levels of a motor act: whereas the left
aIPS might contain separate neuronal populations for different
types of motor acts, the right aIPS might contain neuronal pop-
ulations that are sensitive to several types of motor acts.
RelationbetweenBOLDadaptationandunderlying
neuronal selectivity
Ourdatashowthatitispossibletoderivedirectionalinformation
in humans not only from invasive multiunit recordings (Hoch-
berg et al., 2006; Truccolo et al., 2008) but also noninvasively
from hemodynamic measures, using
fMRIadaptation(seealsoEisenbergetal.,
2010). Tuning functions in humans have
beenusedtoinvestigateneuronalselectiv-
ity in several different domains, e.g., mo-
tion direction (Busse et al., 2008),
numericalknowledge(Piazzaetal.,2004),
and face perception (Martini et al., 2006).
However, care needs to be taken when di-
rectly comparing tuning functions as
measuredwithfMRIadaptationwithtun-
ing functions from spiking activity, be-
cause fMRI adaptation can overestimate
neuronal selectivity (Sawamura et al.,
2006). Note, however, that we do not
claim to be able to make such a direct
comparison. Instead, we are comparing
how directional tuning functions as
measured with fMRI adaptation are af-
fected by the type of motor act and how
this interaction differs between regions.
Theroleofattentionin
fMRI adaptation
It is sometimes argued that neuronal se-
lectivity measured with fMRI adaptation
in fact reflects attentional effects (Mur et
al., 2010), e.g., attributable to a general change in movement
direction. If so, we would expect a similar recovery of the BOLD
signalforalltestdirectionsexceptsamedirection,adaptedmotor
acttesttrials.Instead,wemeasuredarecoveryproportionaltothe
angular difference between adaptation and test direction. Such a
parametric modulation of the BOLD signal is hard to reconcile
with an unspecific attentional mechanism that is insensitive to
movement direction.
Theroleofspatial orienting
It could be argued that our finding in parietal areas could as well
be explained by sensitivity to attentional orienting toward the
target location, instead of selectivity for the direction of the
movement, given that parietal cortex is known to be involved in
spatial orienting (Colby and Goldberg, 1999; Corbetta and Shul-
man,2002;Yantisetal.,2002).Becauseattentionalorientingwas
required to perform the task, we cannot exclude the possibility
that our data were modulated by this process. However, one
would expect that in areas that are dominated by attentional
orienting(i.e.,atastagebeforespatialinformationistransformed
intotheappropriatemotorprogram),thereshouldbeaneffectof
movement direction but no difference between the two motor
acts. The fact that we found a strong modulation of directional
tuningbythetypeofmotoractinPRR,aIPS,andmIPSindicates
that these areas are involved in the preparation of the motor act
andnotjustinattentionalorienting,inlinewithpreviousstudies
(Kalaska et al., 1997; Murata et al., 2000; Andersen and Buneo,
2002; Connolly et al., 2003; Quian Quiroga et al., 2006).
Conclusions
We have reported evidence for directional selectivity in multiple
areas of the human visuomotor system. We show that the extent
of directionally selective regions includes areas beyond M1, with
a gradient of directional selectivity that increases from the pri-
mary motor cortex and the cerebellum through dorso-premotor
and intraparietal areas, to the PRR. We obtained strongest direc-
Figure12. Differentpatternsofadaptationandtheassumedunderlyingphysiology.a,Directionalselectivity,asmeasuredby
areleasefromadaptationthatisproportionaltotheangulardifferencebetweenadaptationandtestdirection,fortheadapted
motoract(redcurve),andnodirectionalselectivityforthenon-adaptedmotoract(bluecurve)indicatesthattheneuralresponse
isselectiveforthedirectionoftheadaptedmotoract,suggestingthatthisregioncontainspopulationsofdirectionallyselective
neuronsspecificforthetypeofmotoract.b,Directionalselectivitybothforadaptedandnon-adaptedmotoracttesttrialssuggests
thatthisregioncontainspopulationsofdirectionallyselectiveneuronssensitivetobothtypesofmotoract.
Fabbrietal.•DirectionalTuninginHumans J.Neurosci.,October6,2010 • 30(40):13488–13498 • 13497tionaltuningintherightPRRforbothleftandright-handreach-
ing movements, suggesting a special role of the right hemisphere
in directional tuning.
Our results provide important constrains for models on mo-
tor control. Furthermore, our data indicate that the right PRR
might be well suited for brain–computer interfaces for the con-
trol of movement direction. An interesting challenge for future
studies will be to determine how BCI devices can combine infor-
mation from PRR and additional areas to provide control over
additional components of an action such as the type of hand–
object interaction.
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